The effect of precursor types on the magnetic properties of Y-type hexa-ferrite composite J. Appl. Phys. 117, 17A507 (2015) We investigate the ac magnetic behavior of solution processable, non-stoichiometric zinc ferrite nanocrystals with a series of sizes and zinc concentrations. Nearly monodisperse Zn x Fe 3Àx O 4 nanocrystals (x ¼ 0-0.25) with an average size ranging from 7.4 nm to 13.8 nm are synthesized by using a solvothermal method. All the nanocrystals are in a superparamagnetic state at 300 K, which is confirmed by Superconductive Quantum Interference Device magnetometry. Due to the doping of non-magnetic Zn 2þ into A site of ferrite, the saturation magnetization of nanocrystals increases as the size and Zn concentration increases. The ac magnetic permeability measurements at radio frequencies reveal that the real part of the magnetic permeability of similarly sized ferrite nanocrystals can be enhanced by almost twofold as the Zn 2þ doping level increases from 0 to 0.25. The integration of 12.3 nm Zn 0.25 Fe 2.75 O 4 nanocrystals into a toroidal inductor and a solenoid inductor prepared via a simple solution cast process yields a higher quality factors than air core inductors with the same geometries up to 5 MHz and 9 MHz, respectively, which is in the regime of the switching frequencies for the advanced integrated power converters. V C 2016 AIP Publishing LLC.
I. INTRODUCTION
Colloidal magnetic nanocrystals (NCs) have been studied extensively as new building blocks for direct current (dc) magnetic applications such as high density magnetic recording, [1] [2] [3] magnetoresistance, [4] [5] [6] and magnetic sensors. [7] [8] [9] Recently, their applications have been extended to alternating current (ac) applications including electromagnetic shielding, 10-12 inductors, [13] [14] [15] [16] [17] [18] [19] transformers, [20] [21] [22] and hyperthermal cancer treatments. [23] [24] [25] [26] Among these, the use of magnetic NCs for miniaturized ac magnetic applications is particularly intriguing due to their superparamagnetic behavior 27 and tunable magnetic properties. In addition, NCs synthesized via high temperature decomposition processes are dispersible in volatile solvents such as hexane, octane, and toluene, which makes them suitable for solution based processes.
Solution based deposition processes have been adopted in the fabrication of several types of devices, including solar cells, [28] [29] [30] [31] transistors, [32] [33] [34] [35] and flexible electronics, [36] [37] [38] [39] because of their low manufacturing cost, compatibility with high-throughput processes, and large-area coverage. In particular, the scalable thickness and mild processing condition of the solution based processes make the techniques attractive to the production of flexible and miniaturized electromagnetic devices such as microelectromechanical systems (MEMS). MEMS have been studied for miniaturizing inductors, [40] [41] [42] which are among the most widely used components in electrodevices, for example, power converters, 43, 44 wireless chargers, [45] [46] [47] and inductive sensors. 42, 48 Miniaturization of inductors is possible by increasing the operating frequency of the inductors, which reduces the required inductance level. 49 However, the high magnetic energy loss (e.g., hysteresis loss and eddy current loss) of the conventional magnetic materials precludes the increase in the operating frequency. 50 Since the solution based fabrication processes allow a high degree of freedom in device designs and the magnetic properties of NCs can be tunable, we will exploit colloidal NCs as the magnetic core materials in miniature inductors.
To adopt colloidal magnetic NCs in ac magnetic applications with low energy loss, it is necessary to analyze their ac magnetic permeability, ferromagnetic resonance (FMR) frequency, coercivity, and electrical conductivity at high magnetic frequencies. [50] [51] [52] Since the magnetic permeability, 16, 17 FMR frequency, [53] [54] [55] [56] saturation magnetization, [57] [58] [59] and coercivity 17, 26 of NCs are strongly dependent on the size, shape, and composition of NCs, it is particularly important to synthesize NCs with precisely controlled size and composition to understand the properties of NCs and devices fabricated from these. Zinc ferrites NCs are one of the most promising candidates because of their intrinsically high saturation magnetization and low magnetocrystalline anisotropy energy. 26 Also, the insulating layer of organic ligands surrounding the colloidal NCs serve to suppress eddy currents, which are significant sources of energy loss in conventional magnetic materials. Though there are studies that motivate the interest in the magnetic permeability of zinc ferrite NCs, [60] [61] [62] there has not been a systematic study which addresses both controlled NC size and composition. We use the insights gained to design ac devices based on zinc ferrite NCs operating at radio frequencies.
Here, we report the ac magnetic permeability of nonstoichiometric zinc ferrite NCs in radio frequency range. Spherical superparamagnetic Zn x Fe 3Àx O 4 (0 x 0.25) NCs with precisely controlled sizes, narrow size distribution (< 7% by TEM images), and compositions are synthesized to investigate their size and composition dependent ac magnetic behavior. These superparamagnetic NCs are further analyzed by a one-turn inductor model for ac magnetic characterization from 1 MHz to 500 MHz. Finally, as a proof of concept, inductors with zinc ferrite NC cores are prepared via a simple solution drop-casting process and their inductances, resistances, and quality factors are measured.
II. EXPERIMENTAL METHODS

A. Materials
Zinc (II) acetylacetonate, iron (III) acetylacetonate (99þ%), and 1-octadecene (technical grade, 90%) were purchased from Acros Organics. Oleic acid (technical grade, 90%) and oleylamine (technical grade, 70%) were purchased from Sigma-Aldrich. All the chemicals were used as received. O 4 NCs, 6 mmol of zinc (II) acetylacetonate, 12 mmol of iron (III) acetylacetonate, 100 mmol of oleic acid, 112 mmol of oleyl amine, and 72 ml of 1-octadecene are mixed in a 250 ml flask. The reaction mixture is heated to 110 C and kept under vacuum for 2 h. Then, the temperature is increased to 300 C at a rate of 10 C/min. After 2 h, the reaction mixture is cooled down to the room temperature and zinc ferrite NCs are precipitated by adding isopropanol. Zinc ferrite NCs are redispersed in hexane and washed further using isopropanol three times. The ratio between zinc and iron is measured by inductive coupling plasma optical emission spectrometry (ICP-OES). By increasing the heating rate to 11.7 and 15 C/min, the size of zinc ferrite NCs can be increased to 10.1 and 12.3 nm, respectively. For the synthesis of 7.8 nm iron oxide NCs, 12 mmol of iron (III) acetylacetonate, 100 mmol of oleic acid, 112 mmol of oleyl amine, and 72 ml of 1-octadecene are mixed in a 250 ml flask. The reaction mixture is heated to 110 C and kept under vacuum for 2 h. Then, the temperature is increased to 300 C at a rate of 10 C/min. After 1 h, the reaction mixture is cooled down to the room temperature, and iron oxide NCs are precipitated by adding isopropanol. Iron oxide NCs are redispersed in hexane and washed further using isopropanol for three times. Transmission electron microscopy analysis is performed by using JEM-1400 microscope. Small-angle X-ray scattering data are collected at the Multi-Angle X-ray Scattering Facility at the University of Pennsylvania. Small-angle X-ray scattering data are further analyzed using Datasqueeze software. 63 Wide-angle X-ray scattering data are performed by using a Rigaku Smartlab high-resolution diffractometer with Cu Ka radiation (k ¼ 1.5416 Å ) from 20 to 80 .
E. Magnetic property characterizations of nanocrystals
Direct current magnetic characterization
The direct current magnetic characterizations of magnetic NCs are done by using a Superconductive Quantum Interference Device (SQUID) magnetometer with reciprocating sample option (Quantum Design MPMS-XL 7T). The hysteresis curves of magnetic NCs are measured at 300 K and 15 K from 3 T to À3 T.
Magnetic permeability measurement of NCs
Relative magnetic permeability of magnetic NCs is measured by using 4395A Agilent Network Analyzer and 16454A Agilent Magnetic Material Test Fixture. NCs dispersed in hexane are deposited in a toroidal shaped sample holder (8 mm of outer diameter, 3.2 mm of inner diameter, 3 mm of height, and 2.5 mm of depth) and dried. The sample holder, which is now filled with the waxy NC solid, is placed into a 16454A Agilent Magnetic Material Test Fixture. The frequency is swept from 1 MHz to 500 MHz in log frequency. The reactance and resistance of the test fixture with the sample holder are collected and then converted into the real and imaginary parts of permeability. 59 Every NC sample is averaged from three separate batches of reactions, which were prepared under the same reaction conditions. NCs by simple drop casting process. After the tube is completely filled with the NCs, the open end is also sealed by melting the polyolefin. Then, the tube is heated by a heat gun to induce contraction, which increases the filling factor of the NCs. After the contraction, the final diameter became 3.1 mm. Then, a seed metal layer is wound around the tube for 10 times and electroplated. 4 . Inductance, resistance, and quality factor measurement of toroidal and solenoid inductors
The characterization of toroidal and solenoid inductors are done by using Agilent 4395A Agilent network analyzer and 43961A RF impedance test kit. An inductor is connected to the 43961A RF impedance test kit and its inductance and resistance are measured. The quality factor (Q) is calculated by using the equation, Q ¼ 2pfL=R, where f is frequency, L is the inductance of the inductor, and R is the resistance of the inductor. The frequency is swept from 1 to 100 MHz in log frequency.
III. RESULTS AND DISCUSSION
Zinc ferrite NCs are synthesized through the high temperature decomposition process by modifying a previously reported method (Experimental Methods B). 64 To investigate the zinc doping level dependence of magnetic permeability, iron oxide NCs and Zn 0.1 Fe 2.9 O 4 NCs are synthesized as well. In Fig. 1 , the transmission electron microscope (TEM) images of chemically synthesized ferrite NCs with various sizes and compositions are presented. Each size represents small, medium, and large NCs, and each composition represents zero, small (0.03), and large (0.09) Zn to Fe ratio. The monodispersity of NCs is observed by small angle x-ray scattering patterns (SAXS) and TEM images. The size distribution is narrow ranging from 7.3% to 9.7% by SAXS fitting simulation 63 and from 4.4% to 6.9% by TEM images (Table I) . It is worth noting that the size distribution improves as the Zn to Fe ratio increases. Wide angle x-ray scattering data (Fig. 2) confirms that all the samples possess spinel crystal structure (space group Fd 3m, No. 227). These structural analysis data indicate that the NCs are suitable subjects to study the size and Zn doping level dependence of the magnetic permeability of ferrite NCs. Note that as-synthesized iron oxide nanoparticles are a mixture of maghemite (c-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) and tend to have more of the magnetite phase as their size increases. 17, 57 These two phases share the same crystal structure (spinel) but maghemite contains only of Fe 3þ whereas magnetite possesses both Fe 2þ and Fe 3þ . The exact analysis of the ratio between two different phases is out of the scope of this study. Thus, the "iron oxide NCs" indicate "(cFe 2 O 3 ) 1Àx (Fe 3 O 4 ) x " throughout this study.
The superparamagnetism of zinc ferrite NCs is observed in dc magnetic characterization with SQUID magnetometry. The hysteresis curves (Figs. 3(a)-3(c) ) at 300 K show zero coercivity in all samples, which is the typical feature of superparamagnetism. 27 The saturation magnetization increases with the size and zinc doping level of NCs as observed in Fig. 3(d) and Table II , which also has quenched zero orbital angular momentum, does not significantly affect the magnetocrystalline anisotropy energy. Thus, the anisotropy energy of zinc ferrite is similar to that of maghemite. 66 This is reflected in the 15 K coercivities (H c ) (Fig. 4 are same, the coercivity increases with the size of the NCs, but there is no systematic correlation between the composition and H c . In contrast, doping Zn 2þ raises the saturation magnetization. 67 The magnetism of spinel structure materials is based on ferrimagnetism whose magnetic moment comes from the difference between the magnetic moment located at two B sites and one A site due to antiparallel alignment of spins in each site. 68 As Zn 2þ has no unpaired electrons and it prefers to occupy the A site (normal spinel structure), Zn 2þ doped iron oxide NCs possess higher saturation magnetization than magnetite or maghemite. 60, 68 Therefore, by introducing Zn 2þ , it should be possible to enhance the ac magnetic permeability of NCs with the increased saturation magnetization and low magnetocrystalline anisotropy energy. This explains why zinc ferrite NCs can be a good candidate for inductor cores due to the promise of low energy loss at radio frequencies. In Fig.  3(d) , in general, the saturation magnetization increases with the size and Zn doping level, but the difference in smallest samples is not as apparent as in larger sizes due to the higher surface to volume ratio of smaller NCs, which possess more disordered surface spins. 69 The ac magnetic characterization of zinc ferrite NCs is performed in a one-turn inductor model system 70 and summarized in Fig. 5 . In Figs. 5(a)-5(c), the real part of the relative magnetic permeability (l r 0 ) curves of iron oxide, Zn 0.1 Fe 2.9 O 4 , and Zn 0.25 Fe 2.75 O 4 are presented. This term is the in-phase value of the relative magnetic permeability and related to how much the material can increase the magnetic flux density in itself, that is, the larger the l r 0 , the higher the magnetic flux density. 71 The result shows that l r 0 increases as the size and Zn doping level of NCs increase. This can be attributed to the increased domain size and reduced surface area of larger NCs, which results in larger magnetic moments of NCs (Fig. 3(d) Fig. 7(a) ). Therefore, by increasing the doping level of Zn in iron oxide NCs, one can increase the magnetic flux density without significantly sacrificing the operating frequency. This enhancement is possible because the Zn 2þ has no net angular momentum, which leads to low magnetocrystalline anisotropy of the system, as mentioned before. In the case of small NCs in the 7-8 nm range, l r 0 tends to increase as the amount of Zn increases, but the difference is not as apparent as the difference seen between larger NCs with different Zn content due to the high surface to volume ratio. One thing that should be noted is that l r 0 of iron oxide NCs is much higher than the previously reported values. In this study, l r 0 of 12.8 nm iron oxide NCs is about 11 at 1 MHz, while the similar size of NCs show 4-5 of l r 0 in our previous study. 17 Also, at 100 MHz, l r 0 of 9.3 nm iron oxide NCs show 3.5 of l r 0 in this study, but iron oxide NCs with similar size were reported to possess $2 of l r 0 . 13 The reason for this difference is still under investigation.
In Figs. 5(d)-5(f), the imaginary part of the relative magnetic permeability (l r 00 ) of ferrite NCs is shown. This term is the out-of-phase value of magnetic permeability and related to the energy loss of magnetic materials, that is, the larger the l r 00 , the greater the energy loss. In general, the data show that l r 00 increases as the size of NCs increases and this is consistent with previously reported studies in maghemite, 17 magnetite, 72 and manganese zinc ferrite 73 nanoparticles. There are two key factors that cause the increase of l r 00 : l r 0 and d. Since l r 00 can be written in terms of l r 0 and d as l r 00 ¼ l r 0 tan d, where d is the phase delay of the magnetic moments of materials from an external field, larger l r 0 and d result in a higher l r 00 . Therefore, l r 00 increases as the size is getting larger because l r 00 is proportional to l r 0 which is also in proportion to the size of NCs. l r 00 is affected by the tangent loss (tan d) as well. It is observed in Fig. 6 that the tangent loss is enhanced by the increase in the size of NCs. This can be attributed to that the larger NCs possess higher magnetic moments as can be seen in Fig. 3 , leading to stronger dipolar interactions among NCs. The stronger dipolar interactions can induce more phase delay of magnetic moments from the external magnetic field. 13, 74 Therefore, considering the results of the real part of magnetic permeability and tangent loss data, it is reasonable that l r 00 increases as the size of NCs increases.
The maximum value of l r 00 of 12.3 nm Zn 0.25 Fe 2.75 O 4 NCs is almost double that of 12.8 nm iron oxide NCs. The highest peak of l r 00 can be interpreted as FMR, which occurs when the precession frequency of magnetic spins around the anisotropy field in a ferromagnetic material concurs with the external alternating field frequency. The FMR frequency decreases as the size and the amount of Zn incorporated into the NCs increases, which can be explained by Snoek's limit. 75 For a spherical nanoparticle, FMR frequency can be written as f r ¼ H k 2 , where f r is the FMR frequency, c is the gyromagnetic ratio, and H k is the magnetic anisotropy field. 76 For cubic symmetric systems, the anisotropy field is expressed as
, where K eff is the effective anisotropy coefficient and M s is the saturation magnetization. The effective anisotropy is the sum of the volume anisotropy (K v ) and the surface anisotropy (K s ). In the case of NCs, the surface anisotropy dominates the effective anisotropy constant due to their large surface area. 65, 77, 78 Therefore, K eff increases as the size of NCs decreases. In addition, Fig. 4 shows that M s drops as the Zn concentration and the size of NCs decrease. As a result, due to the larger K eff and smaller M s , NC with a smaller size and Zn amount has a larger H k , resulting a higher FMR frequency as observed in Fig. 5 (Fig. 7(b) ). This implies that the operable frequency range for zinc ferrite NCs is more limited than that for iron oxide NCs in the radio frequency range. Even so, considering the fact that the current state of the art devices are operating at up to only a few hundred kHz, 79 our zinc ferrite NCs look like a promising option for low magnetic loss material at radio frequencies.
The efficiency of magnetic materials under an ac magnetic field can be expressed as the relative loss factor (RLF), tan d/l r 0 . Magnetic energy loss occurs due to the lag of internal magnetic spin directions with respect to the external field direction. 80 Therefore, it is desirable to reduce the RLF as much as possible for low energy loss applications. In Figs. 6(d)-6(f), the RLF of NCs with respect to frequency is presented. Surprisingly, the RLFs of NCs with different sizes are almost the same up to $200 MHz. This suggests that zinc ferrite NCs can increase the magnetic flux density of a system at a high frequency without suffering from energy loss compared to iron oxide NCs. Also, as observed in Fig. 8 80, 81 further investigation and optimization on the NCs are necessary to increase the energy efficiency.
As a proof of concept, we have incorporated our NCs into inductors through a drop casting process. Briefly, a toroidal sample holder (8 mm of outer diameter, 3.2 mm of inner diameter, 3 mm of height, and 2.5 mm of depth) prepared by machining is filled with 12.3 nm Zn 0.25 Fe 2.75 O 4 NCs and covered with an epoxy shield. Then, a seed metal layer forming an inductor structure is wound around the sample holder and electroplated. Note that the proposed micromachining process is not limited by the toroid shape. Fig.  9 (a) shows a photograph of the toroidal inductor with zinc ferrite NC core. A solenoid inductor (Fig. 9(e) ) is also fabricated and characterized, which demonstrates the flexibility of the NCs as inductor cores. The fabricated inductors are electrically characterized using an Agilent 4395A impedance analyzer in terms of inductance, resistance, and quality factor as a function of frequency and compared with an air-core inductor, as shown in Fig. 9 . An average inductance of approximately 200 nH for the toroidal inductor is measured in the frequency range of 1 to 100 MHz, as shown in Fig. 9(b) . In a 10 turn solenoid inductor with NC core, about 440-450 nH inductance is observed to be stable up to 40-50 MHz (Fig.  9(f) ). At higher frequencies, a resonant behavior is shown in both geometries. The toroidal inductor resistance, shown in Fig. 9(c) , measures approximately 0.05 X at 1 MHz and slowly increased as the frequency goes up. The quality factors of the toroidal inductor ( Fig. 9(d) ) and solenoid inductor ( Fig. 9(h) ) with NC core are observed to be higher than those of air core inductors with the same geometries in the frequency ranges of 1- (Fig. 10) of the cross-section of the solenoid inductor show that the size/morphology of the NCs maintains their original form after the deposition into the inductor structure. In addition, the SEM image in Fig. 10(b) indicates the highly ordered and packed microstructure of the NCs in the inductor core. This encourages the use of NCs as inductor cores because the high packing density is important to utilize NCs as magnetic core materials. 
IV. CONCLUSION
In summary, we synthesize nonstoichiometric zinc ferrite NCs with tunable magnetic permeability that depends on the size and Zn doping level. We observe that iron oxide NCs with higher Zn concentration and larger sizes possess higher l r 0 , but also a higher imaginary part of relative magnetic permeability. The real part of the relative magnetic permeability of 12.3 nm Zn 0. 25 which show the highest magnetic permeability, are used to prepare inductors through a cheap and scalable solution based deposition process. Toroidal and solenoid inductors exhibit higher quality factor than those of the air core inductors with same geometries up to 5 MHz and 8-9 MHz, respectively. Further investigation should be conducted to improve the ac magnetic properties of chemically synthesized magnetic NCs. 
